Age-related macular degeneration (AMD) affects about 30% of Americans over age 70 ([@r1][@r2]--[@r3]) and is the leading cause of irreversible vision loss in the elderly in industrialized nations ([@r4]). It is a progressive, chorioretinal degenerative disease influenced by both environmental and genetic factors and is dependent upon advanced age ([@r5], [@r6]). Although the presence of a few small "hard" drusen is a normal, non--vision-impairing part of aging, the deposition of large diffuse drusen in the macula is vision impairing and indicative of early AMD. As AMD progresses to late-stage disease, it is categorized as either "dry" \[geographic atrophy, with photoreceptor loss and extensive retinal pigmented epithelium (RPE) atrophy\] or "wet" (exudative, with subsequent choroidal neovascularization) ([@r7]). Over the past decade, a large body of evidence has emerged that implicates the complement system in the pathogenesis and progression of AMD. For example, pathobiologic investigations have led to the identification of numerous complement proteins in drusen ([@r8][@r9]--[@r10]), and genetic studies have resulted in the discovery of variants in several complement genes that confer significant risk for, or protection from, the development of AMD late in life ([@r11][@r12][@r13][@r14][@r15]--[@r16]). In particular, the complement factor H (*CFH*) gene, where a nucleotide change results in a tyrosine (Y)-to-histidine (H) exchange in short consensus repeat 7 (amino acid 402), increases AMD risk dramatically ([@r11], [@r13][@r14]--[@r15]). CFH is the soluble inhibitor of the alternative pathway of complement, limiting formation of C3 convertase and acting as a cofactor to factor I which degrades C3b to inactive iC3b. It is now apparent that dysregulation of the complement cascade, and of the alternative pathway in particular ([@r17], [@r18]), is a critical predisposing step in AMD development.

Another major consequence of RPE--choroid pathology in AMD is the deposition and sequestration of cellular and acellular debris sub-RPE between the RPE and Bruch's membrane (BrM) that leads to drusen formation. BrM is a pentalaminar extracellular matrix between the RPE and choroid comprised of distinct sublamina containing collagen and elastin-based fibrous connective tissue elements and a variety of proteoglycans, including heparan sulfate-rich proteoglycans ([@r19], [@r20]). Lipoprotein particles accumulate in BrM with aging, before the development of sub-RPE deposits and drusen, as neutral lipids that are characterized by an abundance of esterified cholesterol that arise from RPE cells as components of apolipoprotein-B--containing (ApoB) lipoproteins ([@r21], [@r22]). There is also a systemic contribution of ApoB-100--containing lipoproteins, including low-density lipoproteins (LDLs), which appear to be particularly important for the retina ([@r23]). The accumulation of lipoproteins leads to formation of a lipid "wall" in the inner collagenous layer of BrM that is proposed to be the precursor of the lipoprotein-derived debris in AMD that forms the sub-RPE deposits clinically detected as drusen ([@r24], [@r25]). Cholesterol (esterified and unesterified) and its transporter, ApoE, are also major constituents of these lipid-rich, sub-RPE deposits in AMD ([@r17]). Lipoprotein deposits that accumulate in AMD can be oxidized ([@r26]) and have been shown to activate complement through the binding of C-reactive protein to oxidized LDL ([@r27], [@r28]), or by oxidation-specific neoepitopes rendering the modified LDL immunogenic ([@r29], [@r30]). However, the link between CFH, complement dysregulation, and lipoproteins in BrM has not been elucidated in vivo.

AMD is a late-onset, complex disease ([@r31]); therefore, to interrogate the contribution of CFH to the pathogenesis and pathobiology of AMD, we developed an animal model based on multiple factors known to contribute to AMD. We combined advanced age with perturbations in lipid metabolism and the alternative complement pathway. Specifically, we aged C57BL/6J (B6), *Cfh*^+/−^, and *Cfh*^−/−^ mice over 90 wk and then fed them a high-fat, cholesterol-enriched (HFC) diet for 8 wk to mimic the environmental cholesterol and oxidative stressors linked to AMD in Western societies ([@r5], [@r32][@r33][@r34]--[@r35]). This experiment revealed that CFH levels impact sub-RPE deposit formation in mice, but, interestingly, only old *Cfh*^+/−^ mice fed the HFC diet develop subsequent characteristics of early AMD including the following: ocular complement dysregulation, increased sub-RPE deposit formation, and RPE morphological changes that culminated in partial degeneration of the photoreceptor outer nuclear layer (ONL) and significantly impaired scotopic visual function. In contrast, no changes were observed in RPE morphology, ONL thickness, and scotopic visual function in the *Cfh*^−/−^mice fed an HFC diet compared with age-matched *Cfh*^*−/−*^ on a normal diet, despite the accumulation of significant sub-RPE deposits. We demonstrate that the pathology detected in old *Cfh*^*+/−*^ mice fed an HFC diet is a function of complement dysregulation and associated mononuclear phagocyte (MNP) recruitment to the back of the eye, versus complement deficiency in *Cfh*^−/−^ animals. To explain the dramatic increase in sub-RPE deposit height following HFC diet in CFH-deficient mice (both *Cfh*^*−/−*^ and *Cfh*^*+/−*^), we show that CFH competes with accumulated endogenous lipoproteins for binding to aged BrM. We also show *Cfh*^−/−^ mice lack a functional systemic and local complement system due to uninhibited C3 "tick over," which generates activated C3 by spontaneous hydrolysis of C3 to C3(H~2~0) ([@r36]). Thus, based on our studies, we propose a model of AMD pathogenesis regulated by CFH whereby (*i*) CFH and lipoproteins compete for binding to BrM where decreased CFH promotes lipoprotein accumulation and sub-RPE deposit formation with age and environmental stressors, and (*ii*) excess complement activation in sub-RPE deposits results in RPE dysfunction and subsequent visual function decline.

Results {#s1}
=======

Fluid-Phase Complement Dysregulation in Aged *Cfh*^+/−^ Mice Versus Complement-Deficient *Cfh*^−/−^ Mice. {#s2}
---------------------------------------------------------------------------------------------------------

To systematically test the role of CFH in AMD pathogenesis and progression in vivo, we developed a model system based on age, CFH deficiency, complement dysregulation, and cholesterol/oxidative stress using wild-type B6, *Cfh*^+/−^ and *Cfh*^−/−^ mice aged to 2 y that were then switched from a normal rodent chow diet (ND) to a HFC diet for 8 wk. As reported previously ([@r36]), *Cfh*^+/−^ mice have approximately one-half of the circulating plasma levels of CFH compared with B6 mice on either diet, whereas there is no detectable CFH in the plasma of *Cfh*^−/−^ mice ([Fig. 1*A*](#fig01){ref-type="fig"}). CFH levels showed the similar genotype-dependent distribution in RPE/choroid tissue lysates ([Fig. 1*B*](#fig01){ref-type="fig"}).

![Fluid-phase complement dysregulation in old *Cfh*^*+/−*^ mice versus age-matched *Cfh*^*−/−*^ mice, which are deficient in key activators of the complement cascade. (*A* and *B*) Densitometric analysis of CFH immunoblots from plasma (*A*) and lysates of RPE/choroid (*B*) across genotype and diet. Note that *Cfh*^*+/−*^ mice have approximately one-half as much CFH as wild-type (B6) mice. (*C* and *D*) Densitometric analysis of C3/C3b (*C*) and FB (*D*) immunoblots from plasma of B6, *Cfh*^+/−^ and *Cfh*^−/−^ mice fed a normal (ND) or high-fat, cholesterol-enriched (HFC) diet. The dose effect of CFH on circulating C3 in plasma shows fluid-phase complement dysregulation in *Cfh*^+/−^ mice, compared with B6 mice and the absence of circulating C3 and FB in *Cfh*^−/−^ mice. (*E*) Red blood cell (RBC) hemolysis assay in each genotype; *Cfh*^+/−^ mice had approximately one-half of the intact C3 compared with wild-type B6 mice, confirming fluid-phase complement dysregulation. In contrast, as expected, *Cfh*^−/−^ mice were unable to lyse antibody-primed sheep RBCs due to the lack of reserve intact C3. Data are presented as mean ± SE. *n* = 5--8 per group. Albumin (Alb) served as a loading control in *A*, *B*, and *D*. GAPDH served as loading control in *C*.](pnas.1424391112fig01){#fig01}

As previously reported, we found that decreased levels of CFH in aged *Cfh*^+/−^ mice fed either diet leads to a decrease in intact C3 in the plasma, with no measureable C3b ([Fig. 1*C*](#fig01){ref-type="fig"}) ([@r36], [@r37]). In contrast, there is no intact C3 in plasma of *Cfh*^−/−^ mice due to immediate conversion of C3 to C3b ([Fig. 1*C*](#fig01){ref-type="fig"}). Normally, when the alternative pathway is activated by C3 cleavage, factor B (FB) binds to C3b and is subsequently cleaved by factor D to form the alternative pathway convertase, C3bBb. Strikingly, in *Cfh*^−/−^ mice, FB is almost entirely consumed, whereas *Cfh*^+/−^ and B6 mice have ample intact FB ([Fig. 1*D*](#fig01){ref-type="fig"}). To further verify the lack of intact C3 in the plasma of *Cfh*^−/−^ animals as well as reduced C3 in *Cfh*^*+/−*^ plasma, we used a sensitive and quantitative hemolytic assay for the measurement of intact, fully functional mouse C3 ([@r38]). As expected, *Cfh*^+/−^ mice had approximately one-half of the intact C3 compared with wild-type B6 mice, further validating that the fluid-phase tick over of C3 is accelerated with CFH deficiency ([Fig. 1*E*](#fig01){ref-type="fig"}). In contrast, no hemolysis was detected in *Cfh*^−/−^ plasma, indicating that all of the C3 in the *Cfh*^−/−^ mouse was already cleaved ([Fig. 1*E*](#fig01){ref-type="fig"}). This effect was not rescued by the addition of CFH to the assay and could only be rescued with the addition of C3 ([Fig. S1](#d35e690){ref-type="supplementary-material"}). These data clearly demonstrate that *Cfh*^+/−^ mice have increased fluid-phase consumption/conversion of C3 due to the decreased CFH levels, compared with B6 controls. Furthermore, the data show that the total lack of CFH in the *Cfh*^−/−^ mice accelerates the consumption/conversion of C3 and FB to the point that there are no intact downstream components of the alternative pathway detectable in the plasma.

Decreasing CFH Increases Sub-RPE Deposit Formation. {#s3}
---------------------------------------------------

Extracellular lesions that form between the RPE and BrM characterize early AMD ([@r39][@r40]--[@r41]). We used quantitative electron microscopy of RPE/BrM to analyze the height of similar sub-RPE deposits that accumulated in aged mice in response to *Cfh* genotype and diet. Sub-RPE deposit measurements were made from the elastic lamina of BrM ([Fig. 2*A*](#fig02){ref-type="fig"}, arrowhead) to top of deposits. Strikingly large (\>4 μm) basal laminar deposits (BLamDs) ([@r41]) were often seen in the *Cfh*^+/−^∼HFC and *Cfh*^−/−^∼HFC mice, extending from the elastic lamina to the basal infoldings of the RPE ([Fig. 2*A*](#fig02){ref-type="fig"}). Deposits of this magnitude were absent in control B6∼HFC mice. Vesicular structures with an electron-dense shell of 80--160 nm across were frequently observed ([Fig. 2*A*](#fig02){ref-type="fig"}, arrows) within a primarily amorphous deposit. The height of BLamD changed abruptly and varied from less than 0.2 μm to as much as 5.7 μm for a given section. Therefore, rather than estimating the amount of sub-RPE deposits per eye by examining a few transmission electron microscopy (TEM) images, we developed a method to systematically and objectively sample and measure the height or thickness of sub-RPE deposits by TEM ([@r38]). Using this method, 98 ± 18 (mean ± SD) images were taken per mouse eye from sections obtained from the center of the posterior eyecup near the optic nerve sampling from ora to ora.

![Decreased CFH increases sub-RPE basal deposit load. (*A*) Transmission electron micrograph images of basal deposits along Bruch's membrane (BrM). Large (\>4-μm height) deposits were often seen in the *Cfh*^+/−^∼HFC and *Cfh*^−/−^∼HFC BrM. Vesicular structures with an electron-dense shell of 80--160 nm across were also frequently observed (*A*, *Cfh*^*+/−*^∼HFC, arrows) within a primarily amorphous deposit. Arrowhead, elastic lamina of BrM. (Scale bars: 1 μm.) (*B*) ANOVA quantitative analysis was performed on the mean basal deposit height (*n* = 84--124 images per mouse) of each animal where the graph represents the mean ± SE across genotype and diet. Statistically significant increases in basal deposits were observed in the *Cfh*^+/−^∼HFC and *Cfh*^−/−^∼HFC mice. Asterisks indicate post hoc Tukey for a *P* \< 0.05 following a statistically significant genotype by diet interaction by ANOVA. *n* = 6--8 mice per group. (*C* and *D*) Distribution of basal deposits for the three mouse genotypes fed a ND (*C*) or switched to a HFC diet (*D*) are represented by cumulative frequency curves showing the frequency of sub-RPE deposit heights (*Left*) and mean spatial distribution of sub-RPE deposit heights (*Right*). For the cumulative frequency plots, the genotype with the least number of deposits (B6, black trace) is represented by the curve that is furthest left (closest to the *y* axis). Vertical bars at the top of the cumulative frequency traces indicate the maximum deposit size for each genotype and diet combination. The cumulative frequency curves reveal a modest accumulation of basal deposits in the *Cfh*^*−/−*^*∼*ND, compared with the other genotypes on ND, but strikingly significant basal deposit accumulation occurs in both the *Cfh*^*−/−*^ and *Cfh*^*+/−*^ HFC fed animals and not in B6∼HFC animals. Spatial distribution of sub-RPE deposits shows a central greater than peripheral decrease in sub-RPE deposit height following HFC diet (*D*, *Right*).](pnas.1424391112fig02){#fig02}

Quantitative analysis of mean deposit height by genotype and diet demonstrated that sub-RPE deposits increased only in the mice fed a HFC diet that had reduced levels (*Cfh*^+/−^∼HFC) or no CFH (*Cfh*^−/−^∼HFC) (*P* \< 0.05) ([Fig. 2*B*](#fig02){ref-type="fig"}). The distribution of sub-RPE deposit thickness was graphed by cumulative frequency and spatial distribution ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"}). The cumulative frequency curve that is furthest to the left (closest to the *y* axis) in the plot represents the genotype with the least deposits (B6, black trace, [Fig. 2 *C* and *D*](#fig02){ref-type="fig"}, *Left*). The cumulative frequency plots revealed an inverse relationship between CFH levels and deposit load in the HFC-fed mice ([Fig. 2*D*](#fig02){ref-type="fig"}). In B6 and *Cfh*^*+/−*^ mice fed a normal diet, very few deposits are seen, although there is some deposit accumulation in the *Cfh*^*−/−*^ mice on normal diet as previously described ([@r38]) ([Fig. 2*C*](#fig02){ref-type="fig"}). Most strikingly, however, substantially more deposit was observed in *Cfh*^+/−^∼HFC and *Cfh*^−/−^∼HFC mice fed a HFC diet, whereas no increase in deposits was detected in the B6∼HFC mice ([Fig. 2](#fig02){ref-type="fig"}). Furthermore, maximum deposit height is inversely related to CFH dose following HFC diet (*Cfh*^−/−^ \> *Cfh*^+/−^ \> B6) ([Fig. 2*D*](#fig02){ref-type="fig"}, *Left*, vertical bars). χ^2^ statistical analysis shows that the increased frequency of large deposits seen in the *Cfh*^−/−^∼HFC mice is not due to chance, being significantly different from *Cfh*^+/−^∼HFC mice (\>4.5 μm, *P* \< 0.05; \>5 μm, *P* \< 0.05), even though the mean height is similar ([Fig. 2*B*](#fig02){ref-type="fig"}). The mean deposit height in the *Cfh*^+/−^∼HFC mice is diluted by more abundant smaller deposits ([Fig. 2*D*](#fig02){ref-type="fig"}, *Left*) so the maximum deposit size (top 5% of deposits) is not represented well in the mean analysis ([Fig. 2*B*](#fig02){ref-type="fig"}). Spatial distribution of sub-RPE deposits revealed the accumulation of sub-RPE deposit in the central retina is also inversely related to CFH levels following HFC diet ([Fig. 2*D*](#fig02){ref-type="fig"}, *Right*).

Attenuated Scotopic Visual Function in *Cfh*^+/−^∼HFC Mice. {#s4}
-----------------------------------------------------------

Visual function of the retinas of aged *Cfh* mice on and off a HFC diet was measured by scotopic electroretinogram (ERG), which primarily measures the rod photoreceptor function ([@r42]). Strikingly, visual function decline was only observed in *Cfh*^+/−^ mice compared with the *Cfh*^−/−^ and wild-type B6 mice after HFC diet ([Fig. 3*A*](#fig03){ref-type="fig"}). Similar trends shown for b-waves in [Fig. 3](#fig03){ref-type="fig"} were also observed in the ERG a-waves ([Fig. S2*A*](#d35e690){ref-type="supplementary-material"}). In addition, there were no measurable statistical changes in a/b-wave ratios, indicating that the attenuation of the b-wave responses originated in the photoreceptor ([Fig. S2*B*](#d35e690){ref-type="supplementary-material"}) ([@r43]). Quantitative analysis of b-wave rod- and cone-driven responses was achieved by determining amplitude of Bmax1 (rod-dominant response; [Fig. S2*C*](#d35e690){ref-type="supplementary-material"}) and Bmax2 (cone-dominant response; [Fig. S2*D*](#d35e690){ref-type="supplementary-material"}). Analysis of variance showed that the 40% reduction in the rod-dominant response in *Cfh*^+/−^ following HFC diet was statistically significant (*P* \< 0.05), whereas the 22% reduction in cone-dominant response did not reach statistical significance. No statistically significant changes were detected among other genotype or diet interactions. These data were supported by a moderate (8.8%) but statistically significant (*P* \< 0.05) reduction in photoreceptor ONL area in *Cfh*^+/−^∼HFC mice ([Fig. S3](#d35e690){ref-type="supplementary-material"}). The data clearly show that *Cfh*^+/−^ mice have a significant visual function decline following HFC diet, whereas wild-type and *Cfh*^−/−^ mice do not.

![Significant vision loss and RPE damage in response to the HFC diet is only detected in *Cfh*^*+/−*^ mice. (*A*) Scotopic electroretinogram (ERG) flash responses in wild-type B6, *Cfh*^+/−^ and *Cfh*^−/−^ mice fed a ND or HFC diet. Stimulus--response curves of b-wave amplitudes. Data are expressed as mean ± SE of the stimulus--response curve overlaid with B = (Bmax1\*I/I + I1)/(Bmax2\*I/I + I2) comparing ND (black) to HFC (green) with B6∼ND overlaid (gray in *Cfh*^*+/−*^ and *Cfh*^*−/−*^ graphs) for genotype comparisons. *Cfh*^−/−^∼ND mice were slightly worse at baseline compared with B6∼ND and *Cfh*^+/−^∼ND mice; however, this failed to reach statistical significance by ANOVA. B6 and *Cfh*^−/−^ mice showed no statistically significant depression of ERG amplitude with HFC diet. *Cfh*^+/−^∼HFC mice showed a marked decrease in b-wave amplitude (middle graph). The asterisk (\*) indicates post hoc Tukey for a *P* \< 0.05 following a statistically significant genotype by diet interaction by ANOVA for the mean Bmax1 value shown in [Fig. S2](#d35e690){ref-type="supplementary-material"}. *n* = 6--10 mice per group. (*B*) Representative confocal fluorescence images of flat mounts of the central RPE from \>90-wk-old mice *Cfh*^+/−^ and *Cfh*^−/−^ mice fed a ND or HFC diet that were stained with Hoechst 33342 (blue, nuclei) and anti-ZO-1 (green) and imaged RPE apical side up with the neural retina removed. In *Cfh*^+/−^∼HFC mice, there are many more enlarged, multinucleate cells. (*C*) Quantification of multinucleate (nuclei, ≥3) RPE cells per field view, demonstrating that *Cfh*^+/−^∼HFC RPE flat mounts have the largest number of multinucleate cells per field view of all of the groups. Data are presented as mean ± SE. The asterisk (\*) indicates post hoc Tukey for a *P* \< 0.05 following a statistically significant genotype by diet interaction by ANOVA. The number sign (\#) indicates post hoc Tukey for a *P* \< 0.05 following a statistically significant genotype interaction by ANOVA. *n* = 6--8 per group.](pnas.1424391112fig03){#fig03}

RPE Damage in Aged *Cfh*^+/−^∼HFC Mice. {#s5}
---------------------------------------

To assess damage to the RPE cells in aged *Cfh*^+/−^ and *Cfh*^−/−^ mice resulting from exposure to the HFC diet, multinucleate RPE cells were quantified by immunostaining RPE flat mounts with the tight junction protein, zonula occludens-1 (ZO-1) ([Fig. 3*B*](#fig03){ref-type="fig"}) ([@r44]). Quantitative analysis showed that there is a small, but statistically significant, increase in multinucleate RPE cells (≥3 nuclei) in *Cfh*^*+/−*^ mice compared with control B6 mice maintained on a ND. However, exposure to a HFC diet resulted in a large, statistically significant, increase in enlarged multinucleate RPE cells in the *Cfh*^+/−^ mice \[21.4 ± 2.8 (SE) versus 11.2 ± 1.4 (SE); *P* \< 0.05\] ([Fig. 3*C*](#fig03){ref-type="fig"}). In contrast, no detectable morphological differences in RPE were seen between wild-type and *Cfh*^−/−^ mice in response to HFC diet ([Fig. 3*C*](#fig03){ref-type="fig"}). Damage to the RPE was further supported by the observation of RPE thinning in plastic sections of retina from *Cfh*^+/−^∼HFC mice ([Fig. S4](#d35e690){ref-type="supplementary-material"}). Together, these data demonstrate RPE dysmorphogenesis in the *Cfh*^+/−^∼HFC mice, which is not detected in *Cfh*^−/−^∼HFC mice.

Local Ocular Deficiency of Key Complement Components in *Cfh*^−/−^ Mice. {#s6}
------------------------------------------------------------------------

Because sub-RPE deposits accumulated in both aged *Cfh*^+/−^ and *Cfh*^−/−^ mice fed the HFC diet, we sought to unravel why the *Cfh*^+/−^ mice develop RPE dysmorphogenesis and visual function loss in response to HFC diet whereas the *Cfh*^−/−^ animals do not. Based on the absence of intact C3 in the *Cfh*^−/−^ plasma, we suspected a lack of complement activation in the BrM of *Cfh*^−/−^∼HFC mice, which would explain why there was no pathological response to the increased sub-RPE deposit formation in these mice. Western blot quantification of C3, C3b/iC3b ([Fig. 4*A*](#fig04){ref-type="fig"}), and FB ([Fig. 4*B*](#fig04){ref-type="fig"}) in the RPE/choroid revealed almost no intact C3, an absence of FB, and very little C3b/iC3b in *Cfh*^−/−^ mice. C3 was also undetectable in BrM by immunohistochemistry in *Cfh*^−/−^∼HFC mice, whereas substantial C3 was localized to BrM of the *Cfh*^+/−^∼HFC mice ([Fig. 4*C*](#fig04){ref-type="fig"}). In contrast, *Cfh*^+/−^∼HFC mice have decreased C3 levels following HFC diet (*P* \< 0.05) in the RPE/choroid ([Fig. 4*A*](#fig04){ref-type="fig"}), showing increased local C3 consumption/activation, as plasma C3 levels are unchanged ([Fig. 1*C*](#fig01){ref-type="fig"}). C3 consumption/activation is not seen following HFC diet in wild-type mice due to their abundance of CFH or in *Cfh*^−/−^ animals due to their lack of C3. These results confirm that *Cfh*^−/−^∼HFC mice lack key activators of the complement cascade in the RPE and BrM and that local complement activation is occurring in *Cfh*^+/−^∼HFC mice.

![Complement activation, monocytosis, and increased extravascular CD64^+^ mononuclear phagocytes (MNPs) in *Cfh*^+/−^∼HFC mice versus local deficiency of key complement components in *Cfh*^−/−^ mice. (*A* and *B*) Densitometric analysis of C3 (*A*) and FB (*B*) immunoblots in the RPE/choroid across genotype and diet. *Cfh*^−/−^ mice have almost no detectable levels of intact C3, only minimal detectable C3b/iC3b, and no detectable levels of FB in the RPE/choroid lysates, whereas *Cfh*^+/−^ mice have significant intact C3 and show a statistically significant decrease in intact C3 following HFC diet (*P* \< 0.05), which is not seen in wild-type B6 or *Cfh*^−/−^ mice. Data are presented as mean ± SE. *n* = 6--8 per group. (*C*) Anti-C3 (green) immunohistochemistry with Hoechst 33342 (blue, nuclei) staining of posterior eyecups. The 100× images at the RPE/BrM interface show no detectable C3 that can be localized to BrM, where sub-RPE deposit formation occurs in *Cfh*^−/−^∼HFC mice, whereas in *Cfh*^+/−^∼HFC mice significant amounts of C3 can be detected in BrM. *n* = 3 mice per group. (Scale bars: 5 μm.) (*D*) Immunolocalization of myeloid cells by anti-CD11b (green, arrow) near the BrM of posterior eyecups of *Cfh*^+/−^∼HFC mice plus Hoechst 33342 (blue, nuclei) staining. No anti-CD11b--positive cells were found near the RPE/BrM in the *Cfh*^*−/−*^∼HFC mice. (Scale bars: 5 μm.) (*E*) Classical and nonclassical monocyte populations were identified by Ly6C and CD43 gating as shown in [Fig. S6*A*](#d35e690){ref-type="supplementary-material"}. A statistically significant 5.3-fold increase (*P* \< 0.05) in classical monocytes was detected in *Cfh*^+/−^∼HFC mice in response to diet; in contrast, *Cfh*^−/−^ have a baseline increase in classical monocytes, but no change was observed in *Cfh*^−/−^∼HFC mice, whereas B6 mice show a 1.5-fold increase (*P* \< 0.05). Nonclassical monocytes showed a distinct, statistically significant, 2.5-fold increase (*P* \< 0.05) in *Cfh*^+/−^∼HFC mice, which was not observed in *Cfh*^−/−^∼HFC mice but was also observed to a lesser extent in B6 mice (*P* \< 0.05). Note that *Cfh*^+/−^∼HFC mice represent the largest population of classical (12.8%) and nonclassical (9.8%) monocytes in all genotypes. To assess RPE/choroid monocyte populations, intravascular flow cytometry analysis was performed as shown in [Fig. S6 *B* and *C*](#d35e690){ref-type="supplementary-material"}. (*F*, *Top*) MNPs were increased in *Cfh*^+/−^ mice following HFC diet but were unchanged in *Cfh*^−/−^ mice. (*F*, *Bottom*) Three clear MNP populations were evident in the extravascular space a Ly6C^hi^, a Ly6C^lo^, and a CD64^+^ population. (*G*) Note that the CD64^+^ subpopulation in *Cfh*^+/−^∼HFC animals represents the largest myeloid cell population \[CD64^+^, Ly6C^hi^, Ly6C^lo^, and polymorphic neutrophils (PMN)\] across all genotypes and diets within the study. The statistical significance of the MNP population changes was determined by using a χ^2^ test for *P* \< 0.05. The asterisk (\*) indicates a statistically significant diet interaction. Data shown represent a pooled analysis of six mice per group. GAPDH served as a loading control in *A* and *B*.](pnas.1424391112fig04){#fig04}

Monocytosis and Increased Extravascular Monocytes in the RPE/Choroid of *Cfh*^+/−^∼HFC Mice. {#s7}
--------------------------------------------------------------------------------------------

A major role of the complement system is the activation of the innate and adaptive immune systems by the complement cleavage products, C3a and, to a greater extent, C5a ([@r45]). As expected, increased C5a levels are detected in the plasma of *Cfh*^+/−^∼HFC mice compared with *Cfh*^−/−^∼HFC mice, further demonstrating the impairment of complement activation in *Cfh*^−/−^ mice ([Fig. S5](#d35e690){ref-type="supplementary-material"}). C5a has an established role in immune cell recruitment and has also been implicated in the development of atherosclerotic lesions ([@r46][@r47][@r48][@r49]--[@r50]). Significant populations of CD11b^+^ myeloid cells were observed in the RPE/choroid near BrM by immunohistochemistry of *Cfh*^+/−^∼HFC mice, whereas CD11b^+^ cells were rarer in *Cfh*^−/−^∼HFC mice and none could be found near the BrM and the RPE ([Fig. 4*D*](#fig04){ref-type="fig"}). Thus, we hypothesized that a functional consequence of dysregulated complement activation in the *Cfh*^+/−^∼HFC mice compared with the *Cfh*^−/−^∼HFC mice is enhanced MNP recruitment, which we tested by flow cytometry. In the peripheral blood, an established gating strategy was used to determine the percentage of classical and nonclassical monocytes ([Fig. S6*A*](#d35e690){ref-type="supplementary-material"}) ([@r51], [@r52]). We were unable to detect changes between either monocyte subpopulations in *Cfh*^−/−^ mice with diet ([Fig. 4*E*](#fig04){ref-type="fig"}). In contrast, in *Cfh*^+/−^ mice there was a 5.3-fold increase in classical monocytes (2.4% versus 12.8%) and a 2.5-fold increase (3.9% versus 9.8%) in nonclassical monocytes following HFC diet, both of which reached statistical significance by χ^2^ analysis (*P* \< 0.05). In addition, in wild-type mice, there was a 1.5-fold increase (5.1% versus 7.9%) and 2.6-fold increase (2.1% versus 5.5%) in classical and nonclassical monocytes, respectively, which was also significant by χ^2^ analysis (*P* \< 0.05) ([Fig. 4*E*](#fig04){ref-type="fig"}). Overall the *Cfh*^+/−^∼HFC mice had the largest population of classical (12.8%) and nonclassical (9.8%) monocytes of the three *Cfh* genotypes and this was statistically significantly higher than in *Cfh*^−/−^∼HFC animals for nonclassical monocytes (9.8% versus 4.1%; *P* \< 0.05) and B6∼HFC for both classical (12.8% versus 7.9%; *P* \< 0.05) and nonclassical monocytes (9.8% versus 5.5%; *P* \< 0.05) ([Fig. 4*E*](#fig04){ref-type="fig"}).

To further test our hypothesis that *Cfh*^+/−^∼HFC mice develop a complement response to sub-RPE deposits, which is not seen in *Cfh*^−/−^∼HFC mice, we investigated whether there was recruitment of MNP in the RPE/choroid. Due to the high vascularity of the choroid, fluid perfusion is not a sufficient means to flush intravascular cells from contaminating flow cytometry. Therefore, we injected anti-CD45 fluorescent-conjugated antibodies (CD45-IV) intravascularly 5 min before killing to distinguish cells located in the intravascular space from those in the extravascular space ([Fig. S6*B*](#d35e690){ref-type="supplementary-material"}) ([@r53]). With this method, we were able to identify the presence of extravascular MNPs recruited to the RPE/choroid within our aged *Cfh*^+/−^∼HFC model and *Cfh*^−/−^∼HFC controls ([Fig. S6*C*](#d35e690){ref-type="supplementary-material"}). MNP cells were increased in *Cfh*^+/−^ mice following HFC diet (*P* \< 0.05) but were unchanged in *Cfh*^−/−^ mice ([Fig. 4*F*](#fig04){ref-type="fig"}, *Top*). Using Ly6C and CD64 to differentiate MNPs, three clear subpopulations could be identified within the RPE/choroid, a Ly6C^lo^, a Ly6C^hi^, and a Ly6C^int^ CD64^+^ population ([Fig. S6*C*](#d35e690){ref-type="supplementary-material"}). The CD64^+^ MNP subpopulation in the *Cfh*^+/−^∼HFC model represents the largest myeloid cell population, increasing 2.8-fold over ND controls (10.9% versus 3.9%; *P* \< 0.05), whereas it is barely detectable in *Cfh*^−/−^∼HFC mice ([Fig. 4*F*](#fig04){ref-type="fig"}, *Bottom*, and *H*, and [Fig. S7*A*](#d35e690){ref-type="supplementary-material"}). Note that the CD64^+^ subpopulation is significantly higher in *Cfh*^+/−^∼HFC mice compared with B6∼HFC and *Cfh*^−/−^∼HFC mice ([Fig. 4*G*](#fig04){ref-type="fig"} and [Fig. S7*A*](#d35e690){ref-type="supplementary-material"}). Further analysis showed that the CD64^+^ MNP population has elevated expression of F4/80 and MHC class II, whereas the other myeloid cell populations detected did not ([Fig. S7*B*](#d35e690){ref-type="supplementary-material"}). In addition, CD64^+^ MNPs could not be found in peripheral blood or the choroidal intravascular space ([Fig. S7*C*](#d35e690){ref-type="supplementary-material"}). Together, these findings help to establish the absence of a complement-mediated effector response to sub-RPE deposits in the *Cfh*^−/−^∼HFC mice.

CFH Levels Regulate Lipoprotein Binding in BrM and Remove Endogenous Lipoproteins in Human BrM. {#s8}
-----------------------------------------------------------------------------------------------

Our results demonstrate that sub-RPE deposit formation occurs in a CFH-dependent manner that is independent of increased complement activity, immune cell recruitment, RPE dysfunction, and visual function decline. These findings provide a proof of concept that lipoproteins can be retained in mouse, if the right retention matrix is present. Because mouse does not form basal linear deposit (a layer rich in lipoproteins in inner BrM), we tested these ideas further in human eye samples. In mouse, lipoproteins can be retained in the absence of CFH and suggested a previously unidentified direct function of CFH as a regulator of sub-RPE deposit formation. We hypothesized that CFH regulates lipoprotein deposit formation, accumulation of which in BrM is proposed to be the precursor of the lipoprotein-derived debris that forms the sub-RPE deposits ([@r24], [@r25]). Specifically, we hypothesized that CFH plays a direct role in competing with lipoproteins for binding to heparan sulfate proteoglycans (HSPGs) because lipoproteins interact with heparan sulfate ([@r54]), which is the main binding partner for CFH in human BrM ([@r55], [@r56]). Based on our in vivo observations, we performed a series of experiments using heparin binding columns and both young porcine and aged human BrM tissue to test the hypothesis that decreasing CFH increases lipoprotein binding to BrM HSPGs. Heparin-Sepharose columns were used to show that, although CFH competes with lipoproteins for binding to heparin ([Fig. S8*A*](#d35e690){ref-type="supplementary-material"}), albumin does not ([Fig. S8*B*](#d35e690){ref-type="supplementary-material"}). To further test our hypothesis in an ex vivo setting, we determined the range of concentrations of CFH that could bind to a 6-mm biopsy punch of BrM/choroid isolated from a young pig eye ([Fig. 5*A*](#fig05){ref-type="fig"}). We show that the EC~50~ of this interaction is 1 μM, establishing the specificity and affinity of the interaction ([Fig. 5*A*](#fig05){ref-type="fig"}). We then added a fixed amount of lipoproteins with increasing concentrations of CFH to these porcine explants and determined that by increasing the concentration of CFH we could dramatically reduce the binding of lipoprotein to the tissue ([Fig. 5*B*](#fig05){ref-type="fig"}). The use of heparin binding columns and young porcine BrM tissue are advantageous due to the absence of endogenous lipoprotein deposition, allowing control over lipoprotein deposition. In a final experiment, we validated the interaction using endogenous human BrM lipoproteins from aged human donors ([Fig. 5 *C* and *D*](#fig05){ref-type="fig"}). To test the interaction of CFH and endogenous human BrM lipoproteins, RPE/BrM/choroid punches obtained from aged (\>75 y of age) human donor eyes were incubated overnight with or without 1 μM CFH ([Fig. 5 *C* and *D*](#fig05){ref-type="fig"}). Immunohistochemical analysis of human BrM explants showed that although some endogenous CFH exists in untreated RPE/BrM preparations ([Fig. 5*C*](#fig05){ref-type="fig"}, *Top*), following overnight incubation in 1 μM human CFH, CFH accumulates significantly above endogenous levels in BrM ([Fig. 5*C*](#fig05){ref-type="fig"}, *Bottom*). FPLC fractionation of human BrM lysates shows that 1 μM CFH removes endogenous very low density lipoprotein sized particles (fractions [@r15][@r16]--[@r17]) from human BrM ([Fig. 5*D*](#fig05){ref-type="fig"}). Together, these results provide a mechanistic link that explains the increased sub-RPE deposit formation and accumulation detected in vivo in animals with decreased CFH.

![CFH levels regulate lipoprotein binding and remove endogenous human lipoproteins in BrM. (*A* and *B*) Six-millimeter porcine RPE/BrM tissue explants were incubated with doubling concentrations of CFH (62 nM to 4 μM) in the presence of a 200 μM excess of albumin. (*A*) The amount of CFH bound to the tissue explant was determined by Western blot of the tissue lysate to determine EC~50~ binding. (*B*) Similar porcine tissue explants were incubated 2 μL of lipoprotein and increasing concentrations of CFH (0, 60, 120 nM), and lipoprotein binding to the explants was assessed by Western blot analysis for ApoB-100 and ApoE. Data are expressed as mean ± SE. The asterisk (\*) indicates *P* \< 0.05 for ApoE and ApoB-100 by ANOVA compared with 0 nM CFH. Data presented are a representative experiment from three independent experiments (*n* = 12--15). (*C*) Because aged human BrM contains endogenous sub-RPE lipoproteins, we tested the ability of CFH to remove these accumulated lipoproteins ex vivo. Anti-CFH (green) immunohistochemistry of aged human BrM donor tissue, before (*Top*) and after (*Bottom*) overnight incubation with 1 μM exogenous CFH, shows accumulation of CFH in BrM. (Scale bar: 5 μm.) (*D*) FPLC fractionation of human BrM lysates shows endogenous lipoproteins present in aged BrM tissue are removed with the addition of CFH (1 μM CFH, green trace). The asterisk (\*) indicates *P* \< 0.05 for total cholesterol in each fraction comparing 0 μM CFH to 1 μM CFH. Three independent experiments each with an *n* = 3 were performed to confirm these results of human BrM FPLC experiments. Actin served as a loading control in *A* and *B*.](pnas.1424391112fig05){#fig05}

Discussion {#s9}
==========

Our ability to unravel the link between complement dysregulation and the pathobiology of AMD has been hindered by the lack of a model that faithfully reconstitutes the multifactorial pathophysiology of AMD. Clearly, an important factor is CFH, where polymorphisms are responsible for a large fraction of the genetic attributable risk of AMD ([@r11], [@r13][@r14]--[@r15], [@r57]). Genetic polymorphisms, biochemical analysis of drusen, and clinical evidence have converged to strongly implicate CFH in having a role in the age-related progression to AMD ([@r11], [@r13][@r14]--[@r15], [@r18]). The use of aged *Cfh*^−/−^ mice was expected to model the age-related progression of AMD pathogenesis ([@r58]). However, the absence of CFH in these mice leads to the rapid consumption of C3 and the development of severe membranoproliferative glomerulonephritis type II kidney disease often resulting in death between 12 and 24 mo of age in *Cfh*^*−/−*^ mice ([@r36]). Animals that survive to 2 y have a mild retinal pathology including photoreceptor loss and reduced ERG ([@r58]). In *Cfh*^−/−^ mice, C3 is cleaved as fast as it is generated; thus, neither intact C3 nor FB can be detected in the plasma or locally in BrM. The mild retinal phenotype that is observed can be explained by the absence of intact C3, which has a known role in regulating synaptic pruning both in development and in disease states ([@r59]). This idea is supported by data showing that the double-transgenic *Cfh*^−/−^, *C3*^−/−^ retinal phenotype is similar to the phenotype observed in *C3*^−/−^ or *Cfh*^−/−^ mice ([@r60]). In contrast, the *Cfh*^+/−^∼HFC mice we have characterized here display a robust AMD-like ocular phenotype, with substantial sub-RPE deposit formation, multinucleate RPE and atrophy, photoreceptor cell loss, and visual function decline ([@r61], [@r62]). It should be noted that nearly 10% of sub-RPE deposits were greater than 4 μm in height, which represents the largest deposits detected in any AMD mouse model within our laboratory; comparisons to other studies is difficult due to the lack of systematic quantification and the use of younger mice ([@r38], [@r58], [@r60], [@r63][@r64][@r65][@r66][@r67][@r68][@r69][@r70]--[@r71]). Data indicate that RPE damage and visual function loss in the *Cfh*^+/−^∼HFC model is initiated by sub-RPE deposit formation, primarily based upon the findings that *Cfh*^−/−^∼HFC mice develop substantial sub-RPE deposits without subsequent damage to the RPE and photoreceptors and that age-matched wild-type mice, which have an intact complement system, barely develop RPE deposits or damage to their RPE and photoreceptors. Thus, our data show that sub-RPE deposit formation occurs with the combination of diet and CFH deficiency before RPE/photoreceptor dysfunction. Furthermore, it is important to note that the cornerstones of the *Cfh*^+/−^∼HFC model are predominant factors established within the human disease: advanced age, genetic alteration of CFH, complement dysregulation, and cholesterol/lipid metabolism perturbation ([@r15], [@r61], [@r62]).

Characterization of the AMD-like phenotype in the *Cfh*^*+/−*^*∼*HFC mouse model also revealed a previously unidentified role for CFH in regulating the pathogenesis of sub-RPE deposit formation. A recent study uncovered a function for CFH in blocking the damaging effects of the lipid peroxidation product, malondialdehyde ([@r72]). Both Weismann et al. ([@r72]) and Shaw et al. ([@r73]) describe the ability of CFH to bind to chemically modified LDL, either malondialdehyde-acetaldehyde LDL (MAA-LDL) or CuSO~4~ modified oxidized LDL (oxLDL), with much higher affinity than unmodified LDL. This binding prevents the detrimental inflammatory effects that the oxidized epitopes can potentiate. Our work focuses on the interaction of CFH and endogenous BrM lipoproteins and demonstrates that the amount of deposit---rather than the pathological effects of the deposit---appears to be regulated by CFH. In a series of experiments using aged BrM tissue and RPE cultures, Curcio et al. ([@r22]) identified 60- to 80-nm RPE-derived lipoproteins that accumulate in BrM with age, forming a "lipid wall" in BrM that is hypothesized to be the precursor to basal linear deposits and eventually visible on fundoscopic examination as drusen. Because the main binding partner for CFH in human macular BrM is heparan sulfate ([@r55], [@r56]) and lipoproteins interact with heparan sulfate ([@r54]), we hypothesized that CFH competes with lipoproteins for binding to HSPGs. This hypothesis is further supported by the high concentrations of HSPGs found in BrM as well as studies implicating HSPGs in AMD ([@r55], [@r56], [@r74][@r75]--[@r76]). Here, we show that CFH plays a direct role in modulating the interaction between BrM and endogenous lipoprotein particles that accumulate with age in human BrM. These lipoproteins resemble, in size, the RPE-derived lipoprotein-like particles described by Curcio et al., which are hypothesized to play a major role in the formation of the lipid wall and drusen biogenesis ([@r22], [@r77], [@r78]). Human studies support our hypothesis, as variants in CFH are related to the presence and progression of drusen in early AMD, suggesting that CFH is involved in early drusen formation in AMD ([@r79]). Future studies will be aimed at investigating the role of CFH variants and HSPGs in regulating BrM sub-RPE deposit formation ([@r80], [@r81]).

The size and number of drusen is diagnostic for early AMD and has a clinically predictive value for the progression to late-stage AMD where RPE atrophy occurs and visual acuity is significantly affected. Although sub-RPE deposit formation has been well established in AMD, the relationship between the deposition of sub-RPE debris and the development of the RPE and photoreceptor pathology in AMD has not been established. Our data show that *Cfh*^+/−^∼HFC and *Cfh*^−/−^∼HFC mice both accumulate significant sub-RPE deposits in response to HFC diet but only *Cfh*^+/−^∼HFC mice have RPE and photoreceptor dysfunction in response to this extracellular debris. This difference between the two observed ocular phenotypes can be explained by the lack of a reservoir of intact C3 in *Cfh*^−/−^∼HFC mice. We hypothesize that sub-RPE deposits form at an accelerated rate in *Cfh*^−/−^∼HFC mice compared with normal age-matched controls (B6∼HFC) due to the lack of CFH; however, in the absence of C3 and FB, no subsequent complement activation occurs, thus failing to initiate recruitment of MNPs. These MNPs may be the root cause of RPE dysfunction, as seen in a series of experiments using monocyte/RPE coculture systems. Elner and colleagues ([@r82][@r83][@r84]--[@r85]) have documented the pathological effects of monocytes on RPE cells. This hypothesis is supported by the absence of complement breakdown products, RPE/choroid monocyte recruitment, RPE damage, ONL thinning, and scotopic ERG attenuation, despite the significant sub-RPE deposit formation following HFC diet in *Cfh*^−/−^ mice. Contrasting the abundance and absence of complement breakdown products in the *Cfh*^+/−^∼HFC and *Cfh*^−/−^∼HFC models, respectively, led us to investigate immune cell recruitment within the *Cfh*^+/−^∼HFC model due to the established role of C5a in immune cell recruitment ([@r48]). In addition, immune cell recruitment has been hypothesized to be a contributing factor to human AMD pathogenesis ([@r18], [@r86]). Evidence for monocyte involvement stems from analysis of genetic polymorphisms and immunohistochemical analysis of AMD postmortem tissue; however, the contribution of this immune cell recruitment to the disease phenotype had not been defined ([@r87][@r88][@r89][@r90][@r91][@r92]--[@r93]). Using the *Cfh*^+/−^∼HFC model, we established the presence of both a classical and nonclassical monocytosis in the blood following HFC diet. We were able to distinguish a significant, exclusive increase in a CD11b^+^, CD64^+^, F4/80^+^, I-A/E^+^ MNP subpopulation in *Cfh*^+/−^∼HFC choroid, which we suspect to be a monocyte-derived macrophage population. Furthermore, CD11b^+^ myeloid cells could be localized near the BrM in the choroid of *Cfh*^+/−^∼HFC mice. Future studies will be aimed at investigating the role of specific complement breakdown products in local inflammation and monocyte recruitment and how these events affect the RPE and photoreceptor dysfunction seen within the *Cfh*^+/−^∼HFC model to develop therapies that block the progression of AMD following sub-RPE deposit formation.

Here, we establish the *Cfh*^+/−^∼HFC model as an aged, multifactorial, complement-dysregulated model of AMD with a robust ocular phenotype. This model provides evidence that complement activation, associated with MNP recruitment, is required for subsequent AMD-like pathology following sub-RPE deposit formation. Our discovery of CFH as a competitor for lipoprotein binding to BrM demonstrates, for the first time to our knowledge, that CFH has a pivotal role in sub-RPE deposit formation. Based on our studies we propose a model of AMD pathogenesis that is regulated by CFH whereby (*i*) CFH and lipoproteins compete for binding to heparan sulfate in BrM, leading to lipoprotein accumulation and sub-RPE deposit formation; and (*ii*) detrimental complement activation within sub-RPE deposits leads to recruitment of MNPs, RPE damage, and visual function decline. This new understanding of the complicated interactions of CFH in development of AMD-like pathology paves the way for identifying more targeted therapeutic strategies for AMD.

Materials and Methods {#s10}
=====================

Mice. {#s11}
-----

Mice were maintained in accordance with the Institutional Animal Care and Use Committee at Duke University. *Cfh*^+/+^ (B6), *Cfh*^−/−^, and *Cfh*^+/−^ mice were generated as described ([@r36]). We have confirmed that none of the mice carries the rd8 mutation ([@r94]). Aged male B6, *Cfh*^+/−^ and *Cfh*^−/−^ mice (*n* = 84; 91--110 wk) were maintained on a normal rodent chow diet (ND) (Isopurina 5001; Prolab), and a subset of cage mate and littermate mice were switched to a HFC diet (*n* = 53; TD 88051; Harlan Teklad) for 8 wk. All mice were housed conventionally on a middle rack under ambient light conditions to control for light exposure. Mice were randomly assigned to treatment groups with an even distribution by age.

Western Blots Analysis for Quantification of FH, C3/C3b, and FB in Plasma and Tissue Lysates. {#s12}
---------------------------------------------------------------------------------------------

Western blot analysis was performed as previously described ([@r38]). Briefly, plasma and RPE/choroid samples were diluted and run, nonreduced, on 10% (vol/vol) Bis-Tris Criterion XT gels in Mops buffer, transferred to nitrocellulose, and then probed with goat anti-FH (Quidel), goat anti-FB (Kent Laboratories), or rabbit anti-C3d (Dako). Loading controls for plasma and RPE/choroid were rabbit anti-albumin (Abcam) and mouse anti-GAPDH (Chemicon), respectively.

Hemolytic Assay for the Functional Measurement of Complement Activity in Mouse Plasma. {#s13}
--------------------------------------------------------------------------------------

Hemolytic assays were performed as previously described ([@r38]). Sheep red blood cells were coated with rabbit anti-sheep erythrocyte antiserum (Hemolysin). Six doubling dilutions of mouse plasma were added to a fixed amount of C3-depleted human serum and incubated for 1 h at 37 °C with the antibody-primed sheep erythrocytes. Ice-cold PBS with EDTA was added to stop the reaction, and tubes were spun at 1,811 × *g*, and optical density was measured at 412 nm. The reciprocal of the dilution for which 50% hemolysis was achieved gave the hemolytic units for that sample. Two hundred nanograms per microliter C3 and/or CFH was added to the reaction tubes for the experiment shown in [Fig. S1](#d35e690){ref-type="supplementary-material"}.

In Vivo Visual Function Analysis by Electroretinography. {#s14}
--------------------------------------------------------

Electroretinography was performed as previously described ([@r38], [@r44]). Briefly, mice were dark-adapted overnight, pupils dilated with 0.5% tropicamide and 1.25% (wt/vol) phenylephrine, and anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). Scotopic ERGs were recorded using an Espion E2 system (Diagnosys), at increasing flash intensities. The data points from the b-wave stimulus--response curves were fitted according to a previously published equation using the least-square fitting procedure ([@r43]) (OriginPro 9.0; OriginLab). Statistical significance was determined using the mean values for Bmax1 and Bmax2.

Quantification of Sub-RPE Deposits by Electron Microscopy. {#s15}
----------------------------------------------------------

Quantification of sub-RPE deposits was performed as previously described ([@r38]). Briefly, thin sections of 60--80 nm were cut from embedded sections of central retina starting at the optic nerve, collected onto 400 mesh thin-bar copper grids (T400-Cu; Electron Microscopy Sciences), and stained with Sato's lead. Images containing the basal RPE and BrM were taken on the parts of the section adjacent to the grid's bar. Using this method, 98 ± 18 (mean ± SD) images were taken per mouse, sampling most of the retina. For each image, the height of the sub-RPE deposits was measured using ImageJ software (version 1.46; NIH), and the cumulative frequency and spatial distribution of the deposit height was plotted using OriginPro 9.0 software.

Analysis of RPE Damage Based on Flat-Mount Quantification of Multinucleate Cells. {#s16}
---------------------------------------------------------------------------------

RPE flat-mount preparation was performed as previously described ([@r44]). Briefly, flat mounts of RPE cells were stained with a rabbit antibody against ZO-1 (40-2200; 1:100; Invitrogen) and Hoechst 33342, and confocal images were captured on a Nikon Eclipse C1 microscope. Morphometric analysis was performed by a masked grader from each central quadrant. The number of multinucleated (nuclei, ≥3) cells per central field view was counted.

Quantification of ONL Thickness and Assessment of RPE Atrophy on Toluidine Blue Plastic Sections. {#s17}
-------------------------------------------------------------------------------------------------

ONL thickness was analyzed as previously described ([@r38]). Briefly, posterior eyes were osmicated, dehydrated with ethanol, infiltrated, and embedded in a mixture of epoxy and Spurr's resin. Semithin sections were cut superior to inferior, mounted, and stained with toluidine blue. The 40× images were merged with Photoshop, and ONL was measured versus distances from the optic nerve. Data are presented as ONL height versus distance from optic nerve. Inner nuclear layer (INL) thickness was also measured versus distance from the optic nerve, and ONL/INL area was used to control for angle of the plastic section cut, which was also statistically significant in *Cfh*^+/−^ following HFC diet. For RPE height measurements, 100× sections were required; thus, field views were taken from the optic nerve to the ora serrata, and RPE cell height was averaged between the first and last possible RPE height measurement for each image, and this observation was presented as graph of the mean ± SE of RPE height for each field view from optic nerve. RPE height measurements were not an outcome measure of the original experiment and are thus not subject to postexperimental statistical analysis, but rather are presented as a quantitative observation.

Immunohistochemical Localization for C3 and CD11b. {#s18}
--------------------------------------------------

Immunohistochemistry for C3 and CD11b were done as previously described ([@r38]). Briefly, free-floating sections were blocked and incubated overnight with anti-mouse C3d (1:500; R&D Systems) or anti-mouse CD11b (1:500; Pierce), then incubated for 2 h in Alexa fluorophore-conjugated secondary antibody (1:500; Invitrogen), and counterstained with Hoechst 33342 (1:500, Invitrogen). Confocal images were acquired using a Ziess 710 inverted confocal microscope.

Anti-C5a ELISA. {#s19}
---------------

Briefly, 1 μg/100 μL anti-C5a (Pfizer; 4C9) was incubated at 4 °C overnight in 96-well plates. After washing unbound antibody and blocking with 1% BSA, a 1:50 dilution of plasma was incubated overnight at 4 °C. Following the wash steps, the plate was sequentially incubated with biotinylated rat anti-mouse C5a (BD Biosciences), streptavidin-peroxidase (Sigma), and TMB substrate reagent (BD Biosciences), and the OD at 450 nm was read. mC5a (R&D Systems) was used as a standard curve.

Peripheral Blood and Extravascular RPE/Choroid Monocyte Analysis with Flow Cytometry. {#s20}
-------------------------------------------------------------------------------------

Extravascular staining was performed with the following modifications to the previously published method ([@r53]). Five minutes before being killed, mice were injected retroorbitally with 3 μg/50 μL APC/Cy7 anti-mouse CD45 (BioLegend) (CD45-IV) in the right eye. Mice were then killed and perfused postmortem with 30 mL of PBS to wash unbound antibody from vasculature ([@r53]). Peripheral blood was analyzed as a positive (\>90%) control of vascular localization ([Fig. S6*B*](#d35e690){ref-type="supplementary-material"}) ([@r53]). Peripheral blood samples were subjected to RBC lysis and staining for cell viability (eBiosciences; 65-0863), CD45 (BioLegend; 110735), CD11b (BD Biosciences; 562950), CD115 (eBiosciences; 61-1152), CD43 (BD Pharmingen; 562866), Ly6C (BioLegend; 128022), and Ly6G (BioLegend; 127621) to determine the percentage of classical and nonclassical monocytes per CD45^+^ cells based on established methods ([Fig. S6*A*](#d35e690){ref-type="supplementary-material"}) ([@r51]). The left eye was enucleated and the RPE/choroid/sclera was isolated by microdissection. RPE/choroid was mechanically removed from the subadjacent sclera. Six eyes were pooled to obtain cell numbers sufficient for analysis. Samples then underwent DNase I and collagenase treatment with mechanical stimulation to free immune cells. Subsequently, samples were filtered and stained for cell viability, CD11b, CD45, Ly6C, Ly6G, CCR2 (R&D Systems; FAB5538A), CD11c (BD Biosciences; 563048), CD64 (BioLegend; 100539), F4/80 (BioLegend; 123109), and I-A/E (BioLegend; 107629). Using gating strategies established in other organs, we found that, using Ly6C and CD64, we could identify three clear subpopulations: Ly6C^lo^, Ly6C^hi^, and a Ly6C^int^, CD64^+^ population ([Fig. S6*C*](#d35e690){ref-type="supplementary-material"}) ([@r51], [@r52], [@r95], [@r96]). χ^2^ statistical test for *P* \< 0.05 was used to determine the statistical significance of the cell population frequencies normalized to total extravascular CD45^+^ cells for a pooled sample.

CFH and Lipoprotein Binding to Heparin-Sepharose Beads. {#s21}
-------------------------------------------------------

Heparin-Sepharose columns (5-µL washed beads; GE Healthcare) were preincubated with increasing concentrations of CFH (prepared as previously described) ([@r97]) or albumin (0, 400, 800, and 1,600 nM) for 20 min at room temperature; after washing off excess protein, 2 µL of a lipoprotein preparation isolated from human donor blood using ultracentrifugation of human plasma adjusted to a specific gravity of 1.21 was added to all of the columns for an additional 20 min at room temperature. Following washing, the bound proteins were eluted with 1 M NaCl, and these fractions were run on 10% (wt/vol) Bis-Tris XT Criterion gels. One gel was stained by Coomassie and used to quantify (by densitometry and ImageJ) and identify \[using a quantitative quadrupole time-of-flight mass spectrometer (Waters Synpt G2) with a liquid chromatography-MS/MS workflow\], CFH, albumin, ApoB-100, and ApoA-1. The other gel was transferred to nitrocellulose, and Western blot analysis was used to measure ApoE (goat anti-human ApoE; Calbiochem).

Porcine RPE/BrM Lipoprotein/CFH Binding Assays. {#s22}
-----------------------------------------------

For porcine BrM experiments, human serum lipoproteins were isolated as described above. BrM explants were isolated as previously described ([@r97]). Porcine eyes were chosen because they have little to no BrM lipid accumulation and show low background for anti-human ApoB-100 and ApoE antibodies on a Western blot. EC~50~ values were determined by incubation of porcine BrM explants overnight in 10 mM PB with increasing concentrations of CFH (60 nM to 4 μM). Albumin at 200 μM was added to each sample to block nonspecific binding. Following five, 10-min washes in 10 mM PB, proteins were extracted, and Western blot analysis was performed using 1:5,000 goat anti-FH (Quidel) and an HRP-conjugated secondary as previously described using 25 ng of total protein lysate. The actin loading control had 5 µg of lysate per well, and these samples were diluted 1:200 to observe the CFH in the linear range ([@r98]). Data presented are a representative of two independent experiments (*n* = 4--8). For competition assays, a fixed amount of human lipoproteins (2 µL) with increasing concentrations of CFH (60 and 120 nM) was added overnight at 4 °C to 6-mm porcine explants in a well of a 96-well plate. After five, 10-min washes in 10 mM PB, proteins were extracted, and Western blot analysis was performed using 1:30,000 goat anti--ApoB-100 (EMB Millipore), 1:5,000 goat anti-ApoE (CalBiochem), and 1:3,000 mouse anti-Actin (Santa Cruz) primary antibodies and an HRP-conjugated secondary as previously described ([@r38]). Data are expressed are a representative experiment of three independent experiments (*N* = 12--15).

Aged Human RPE/BrM Endogenous Lipoprotein/CFH Competition Assays. {#s23}
-----------------------------------------------------------------

Human donor eyes were obtained from the North Carolina Eye Bank. Due to the previously described age-related accumulation of lipoproteins in human BrM, eyes from donors \>75 y of age were used for this study ([@r99][@r100]--[@r101]). RPE/BrM punches were isolated as previously described ([@r97]), and then were randomly assigned to incubation overnight at 4 °C in 200 µL of 10 mM PB with or without 1 µM CFH. Following incubation, the tissue was washed in 10 mM PB five times. For immunohistochemistry, tissue was fixed with 4% (wt/vol) paraformaldehyde for 20 min, and then washed with PBS for overnight storage. Tissue was embedded in 10% (wt/vol) low melting temperature agarose (Sigma-Aldrich) and 70-μm vibratome sections were cut. Immunohistochemistry staining was performed as previously described ([@r38]). For lipoprotein analysis, 80 µL of RIPA buffer with protease inhibitors and mechanical homogenization was used to isolate lipoproteins. Homogenates were pooled, and 50 µL was run on an FPLC system (Pharmacia LKB) with a Superose 6HR 10/30 column (GE Healthcare), and 40, 500-µL fractions were collected. Total cholesterol was determined for each fraction by enzymatic cholesterol assay (Amplex Red Cholesterol Kit; Invitrogen). Data are expressed as a pooled *n* = 3. Three independent experiments have been performed.

Statistical Analysis. {#s24}
---------------------

ANOVA statistical analysis with post hoc Tukey test for *P* \> 0.05 was used to determine the statistical significance of the mean effects for the 3 × 2 (genotype by diet) interaction term experimental design. Following a detection of a statistically significant genotype by diet interaction, post hoc Tukey test comparing ND to HFC for each genotype was used to determine the statistical significance of diet on each genotype. Following detection of a statistically significant genotype effect, post hoc Tukey test was performed comparing B6∼ND to the experimental genotypes *Cfh*^+/−^∼ND and *Cfh*^−/−^∼ND and designated by the number sign (\#) ([Fig. 3*C*](#fig03){ref-type="fig"} and [Fig. S3*C*](#d35e690){ref-type="supplementary-material"}). For CFH binding assays, an ANOVA statistical analysis was used. Statistical analyses were performed in JMP Pro-9 software.
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